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Abstract
The flammability of plant leaves influences the spread of fire through vegetation. Exotic plants invading native vegetation
may increase the spread of bushfires if their leaves are more flammable than native leaves. We compared fresh-leaf and dry-
leaf flammability (time to ignition) between 52 native and 27 exotic plant species inhabiting dry sclerophyll forest. We found
that mean time to ignition was significantly faster in dry exotic leaves than in dry native leaves. There was no significant
native-exotic difference in mean time to ignition for fresh leaves. The significantly higher fresh-leaf water content that was
found in exotics, lost in the conversion from a fresh to dry state, suggests that leaf water provides an important buffering
effect that leads to equivalent mean time to ignition in fresh exotic and native leaves. Exotic leaves were also significantly
wider, longer and broader in area with significantly higher specific leaf area–but not thicker–than native leaves. We
examined scaling relationships between leaf flammability and leaf size (leaf width, length, area, specific leaf area and
thickness). While exotics occupied the comparatively larger and more flammable end of the leaf size-flammability spectrum
in general, leaf flammability was significantly correlated with all measures of leaf size except leaf thickness in both native
and exotic species such that larger leaves were faster to ignite. Our findings for increased flammability linked with larger leaf
size in exotics demonstrate that exotic plant species have the potential to increase the spread of bushfires in dry sclerophyll
forest.
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Introduction
Fires shape the ecology and evolution of many plant commu-
nities throughout the world [1–3]. There is growing concern that
substantial increases in bushfires predicted under future climate-
change scenarios [4,5] will have serious ecological consequences
including declines in biodiversity and modifications to ecosystem
function [6–10]. There is also the troubling prospect that the
ecological impacts of increased bushfire coverage might be
compounded by increased bushfire intensity and frequency in
systems where introduced exotic plant species have become
established [11–14]. Such situations will only arise if exotic plants
have intrinsic fuel properties that differ from those of native plants,
properties such as increased flammability that enhance the spread
of fire.
The ability of bushfire to spread through vegetation depends
largely on plant flammability which varies widely among species
[15,16]. Although all plants will likely burn in extreme bushfire
conditions [17], the rate of ignition of fuel (i.e. ignitability) is
thought to be one of the most important factors in determining
plant flammability and bushfire spread [18]. In particular, plant
leaves are considered to be the most important flammable plant
structure [19,20] because leaves are frequently the first structures
to ignite during bushfire [18], thus promulgating fire to other plant
structures and fuel sources. However, identifying how variation
among species in functionally important traits such as leaf size
relates to variation in leaf flammability is still in an early stage [21].
Determining generalities in the context of plant flammability-
trait relationships is difficult at present as different studies have
adopted different approaches, all with their own merits. For
instance, some studies have measured leaf flammability as
ignitability [19–23], which is the time to first flaming from the
time of first exposure to an ignition source, while others have used
flammability measures including extinguishment of combustion of
plant parts [14,24], energy content as an indication of combus-
tibility [16], heat flux from burning leaves [25] and large-scale fire
severity scores of plant assemblages from field-based assessments of
fire history [21]. Furthermore, some studies have determined
flammability of individual leaves to model separated canopy leaves
suspended above a surface fire [19] while others have used average
leaf size of species within sampling areas [21] and either mono-
specific litter beds or litter beds composed of mixtures of litter from
different species [25,26] in laboratory-based burning trials to
model leaf-litter flammability dynamics.
Despite differences among studies in their approaches, tantaliz-
ing evidence is emerging that leaf size might be an important
correlate of plant flammability, irrespective of the model of
flammability under investigation. For instance, leaf length has
been linked to flammability with longer leaves associated with
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higher local fire severity [21]. Larger leaves tend to create an open
litter-bed structure that burns more rapidly because of better
ventilation [25]. In addition, leaf water content might be an
important correlate of leaf flammability, because a leaf will
generally not ignite until most of its moisture is lost through
evaporation [19]. Consequently, plant species with high moisture
content might be less flammable as they take longer to ignite [19–
23]. A large, comparative study across a broad taxonomic spread
of native and exotic species would provide an important test of
relationships between leaf size, water content and plant leaf
flammability.
In this study, we determine whether leaves of exotic plant
species are more flammable than those of native plant species. We
compare both fresh-leaf and dry-leaf flammability between native
and exotic plant species inhabiting dry sclerophyll forest in south-
eastern Australia. Dry sclerophyll forests are prone to fires that can
spread via leaves in the canopy and in the leaf litter [27–29]. We
also compare several traits of plant leaves (length, width, area,
thickness, specific leaf area and % water content) between native
and exotic species to test whether observed native-exotic
differences in leaf flammability might be underpinned by
differences in leaf size and % water content. We then test whether
leaf size and % water content are correlated with interspecific
variation in leaf flammability. Through the use of standardized
major axis regression [30] we quantitatively describe scaling
relationships between leaf flammability and leaf traits and




We assessed a total of 79 plant species (52 native and 27 exotic
species) from 35 plant families of dry sclerophyll forest in the
greater Sydney region of eastern New South Wales (NSW),
Australia. Dry sclerophyll forest is associated with low-fertility soils,
low rainfall, sandstone geology, and is one of the most dominant
vegetation assemblages in eastern NSW, accounting for nearly one
quarter of mapped vegetation in the area [31]. Dry sclerophyll
forest is significant in NSW because the south-eastern corner of
Australia experiences severe fires due to hot, dry and windy
weather conditions [7].
A target list of co-occurring native and exotic plant species
found in the abundant mid-storey canopy layer was initially
compiled for the study using species inventories detailing
vegetation of Sydney’s dry sclerophyll forest communities growing
on Hawkesbury Sandstone [32–34]. Taxonomic nomenclature
followed [35]. We conducted surveys during March and April of
2010 at six sites of dry sclerophyll forest to locate native and exotic
plant species on the target list. Sites were selected that were
homogeneous with respect to soil type, vegetation structure,
aspect, fire history, species composition and surrounding land use
(site details in [36]). All sites were located in the Sydney Basin
IBRA Bioregion and experience typical Mediterranean climatic
conditions.
Ethics Statement
No specific permissions for site access or plant collection were
required for field work at the study sites because they were either
on land owned by the University of Technology Sydney or
involved the collection of exotic plant species (which does not
require a permit in the study region). The field studies did not
involve endangered or protected species.
Leaf Collection and Measurements
Leaves were collected from five healthy replicate plants of each
species. Here, the term ‘leaf’ also refers to plant extremities with a
photosynthetic role in plants without ‘true leaves’ (e.g. cladodes,
phyllodes and branchlets). In the field, leaves were placed inside
labelled plastic zip-locked bags that were sealed after all the air had
been removed. Bags were then placed between layers of moist
newspaper inside a portable insulated polystyrene cooler box
which also contained two frozen ice bricks. The cooler was
returned to the laboratory within two hours of samples being
collected and stored in a cool room kept below 4uC. Measure-
ments of leaf traits were taken within 24 hours of collection and
ignition tests of fresh leaves were performed within 48 hours, the
time limit within which fresh leaves maintain their characteristics if
properly stored [37,38].
Leaf flammability was measured as time to ignition (ignitability)
which refers to the time it takes for a plant structure to ignite after
being exposed to an ignition source [19]. Our study focused on
single-leaf flammability; while this is only one of several important
components contributing to fire behaviour in fire-prone systems, it
is a critical component given that leaves are frequently the first
structures to ignite during bushfire [18] and will likely dictate
much of the behaviour of fire spread through vegetation. Time to
ignition of five replicate fresh and five replicate dry leaves (leaves
dried at 75uC for 48 hours) was measured using a stop-watch and
the radiant heat from a muffle furnace. The method of drying
leaves for dry-leaf flammability measurements provided a simple
approximation of fallen leaves that have completely dried out in
the leaf litter under field conditions. Although leaves in the leaf
litter will undoubtedly vary in dryness and nutrient content, the
method not only provided an important contrast to fresh-leaf
flammability to allow investigation of the importance of leaf water
content, it provided a way of comparing dry-leaf flammability
among species that ensured consistency in complete water loss.
Our dry-leaf flammability measurements have relevance to leaf
litter given climatic variability inherent to Mediterranean ecosys-
tems. In very dry years, water content in leaves in the leaf litter
could potentially be substantially reduced or even completely
removed quite quickly. Thus, our native-exotic comparisons of
dry-leaf flammability are most relevant to leaf litter under dry
climatic conditions. For clarity in the description and interpreta-
tion of leaf flammability patterns, it is important to note that
because leaf flammability was measured as time to ignition, a
species with leaves with fast ignition times (i.e. low values of
ignition time) corresponded to high flammability. In contrast, a
species with leaves that took a long time to ignite (i.e. high values
of ignition time) had low flammability.
The method used to measure leaf flammability was an adaption
of techniques developed by [19] and [23]. Pilot tests were
performed to determine what temperature the muffle furnace
should be heated to during the experiment to measure leaf
flammability. A range of fresh and dry leaves of native and exotic
plant species were tested. The temperature of the furnace was
measured with an n-type thermocouple attached to a DataTaker
600 data logger and data were recorded using DeLogger software
(produced by DataTaker). A ceramic fire brick was used to insulate
leaves from coming into contact with the muffle furnace, so that
ignition would occur only as a result of radiant heat. Pilot tests
showed that few leaves ignited in the open muffle furnace at
temperatures below 400uC, or only did so after a very long period
of time. Although all tested leaves ignited at 800uC, they tended to
ignite almost immediately. It was decided that an open-furnace
temperature of 500uC, which occurred when the furnace
thermostat was set to 700uC, was the optimum test temperature.
Native-Exotic Differences in Leaf Flammability
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Following [19], this temperature was chosen for the experimental
ignition tests in order that interspecific differences between ignition
delay times of leaves could be observed (Gill AM, pers. comm.).
Before ignition tests, the muffle furnace was heated to 700uC
over a period of two hours. The furnace reached the required
temperature after the first hour; however, the second hour was
required to stabilise the temperature. The furnace was heated with
its door shut, but testing occurred with the door open and a
radiant heat temperature of 500uC. Tests occurred with an open
furnace door so that the point of ignition could be observed and to
allow the use of a thermocouple to measure radiant heat
temperature. Once the furnace temperature had stabilised to
700uC, the furnace door was opened and the ceramic fire brick
was slid into the centre of the furnace and a single leaf was placed
on the brick with long-handled forceps. The stop-watch was
started at the moment the leaf was place on the brick. The point of
ignition, at which time the stop-watch was stopped, was defined as
the start of pyrolysis (incandescence) in the leaf [22], a point
chosen because not all leaves would produce a flame [19].
Five replicate leaves, one from each of the five individual plants,
were measured for fresh-leaf flammability, dry-leaf flammability
and each of the six leaf traits for each species. Leaf length, width
and thickness were measured using Sontax digital vernier callipers
with 0.1 mm resolution. Leaf thickness was measured at the widest
part of the leaf, at a point two-thirds the distance from the edge of
the leaf to the mid-rib. Leaf area was measured as one-sided
projected area [38]. Specific leaf area was calculated as leaf area
per unit of dry-leaf weight. Percentage leaf water content was
estimated as 1006[(fresh-leaf weight – dry-leaf weight)/fresh-leaf
weight].
Analytical Approach
We first tested for differences between natives and exotics in the
eight leaf traits including fresh-leaf flammability, dry-leaf flamma-
bility, leaf width, leaf area, leaf length, leaf thickness, specific leaf
area and % water content of leaves. We then examined scaling
relationships between leaf flammability (both fresh-leaf and dry-
leaf flammability) and the other six leaf traits and compared
scaling relationships for natives with those of exotics. The replicate
measurements of each leaf trait were averaged for each species for
the analyses. For all leaf traits except % water content of leaves,
the averaged data were log-transformed to meet (general) linear
modelling assumptions [39]. The bounded nature (0 to 100%) of
the data for % water content of leaves indicated the need for logit-
transformation of the data [40]. Trait data for the species are
presented in the Appendix S1. All analyses were performed using
the statistical software R v. 2.15.3, R Development Core Team.
Comparisons of Leaf Traits between Natives and Exotics
We used a two-way analysis of variance (ANOVA) design in a
general linear model to relate leaf flammability to both plant status
(native or exotic) and leaf condition (fresh or dry). In this model,
leaf flammability was treated as a continuous response variable,
plant status was a fixed explanatory variable, leaf condition was a
fixed explanatory variable and species were treated as replicates. A
significant interaction in the model indicated that leaf flammability
differed between natives and exotics contingent on leaf condition.
A one-way ANOVA design was then used in separate general
linear models to compare the other six leaf traits between natives
and exotics. Each leaf trait was treated as a continuous response
variable, plant status was a fixed explanatory variable and species
were treated as replicates. We also employed phylogenetic logistic
regressions to relate each of the eight plant traits to plant status
(native or exotic) while explicitly considering the underlying
evolutionary relationships among the study species. We first
constructed a phylogenetic tree representing the evolutionary
relationships among the study species using Phylomatic v. 4.1 [41]
based on the APG3 derived megatree R20120829 [42]. The nodes
of the phylogeny were then dated [43] and attached to the
phylogeny using BLADJ [44]. The phylogenetic tree structure was
transformed from multichotomous to dichotomous (binary) format
using APE [45]. We performed a series of phylogenetic logistic
regressions relating each of the eight leaf traits to plant status using
APE [46]. In each separate phylogenetic logistic regression model
(hereafter referred to as PLRM), plant status was treated as a
binary response variable and a leaf trait was treated as a
continuous explanatory variable.
Scaling Relationships between Leaf Flammability and
Leaf Traits
We employed standardized major axis (SMA) regressions using
SMATR [47] to examine scaling relationships between leaf
flammability (both fresh and dry) and each of the other six leaf
traits. First, SMA regression slopes were fitted separately for
natives and exotics for each bivariate relationship between leaf
flammability and a leaf trait. If the SMA regressions were
significant for both natives and exotics for a given bivariate
relationship, we then tested the slopes of the relationships for
homogeneity using a Bartlett-corrected likelihood ratio test. If the
slopes were not significantly different, we tested for significant
differences in elevation between the slopes and for significant shifts
along the common fitted slope using Wald tests.
Results
Comparisons of Leaf Traits between Natives and Exotics
There was a significant interaction between plant status and leaf
condition (F1,154 = 17.13, P,0.001) in the two-way ANOVA
model which showed that exotic leaves had significantly faster
ignition times than native leaves but only when the leaves were dry
(Fig. 1a). This significant interaction overrode the significant
individual effects on leaf flammability of plant status (faster ignition
times in exotics, F1,154 = 30.46, P,0.001) and leaf condition (faster
ignition times in dry leaves, F1,154 = 111.28, P,0.001). Consistent
with the pattern represented by the significant interaction,
phylogenetic logistic regressions showed that while fresh-leaf
flammability did not differ significantly between natives and
exotics (F1,77 = 3.23, P= 0.08), dry-leaf flammability was signifi-
cantly different between natives and exotics (F1,77 = 27.22,
P,0.001) with faster ignition times in dry exotic leaves. Compared
to native leaves, the leaves of exotics were significantly wider
(F1,77 = 20.62, P,0.001, Fig. 1b; PLRM F1,77 = 17.07, P,0.001),
broader in area (F1,77 = 18.58, P,0.001, Fig. 1c; PLRM
F1,77 = 17.51, P,0.001), longer (F1,77 = 7.40, P,0.01, Fig. 1d;
PLRM F1,77 = 5.58, P,0.05), with significantly higher specific leaf
area (F1,77 = 33.55, P,0.001, Fig. 1e; PLRM F1,77 = 47.74,
P,0.001) and significantly higher % water content
(F1,77 = 49.31, P,0.001, Fig. 1f; PLRM F1,77 = 44.45, P,0.001).
Leaf thickness did not differ significantly between natives and
exotics (F1,77 = 0.77, P= 0.38; PLRM F1,77 = 3.54, P= 0.06).
Scaling Relationships between Leaf Flammability and
Leaf Traits
Fresh-leaf flammability was significantly correlated with leaf
width (natives r2 = 0.36, P,0.001, slope =20.39; exotics r2 = 0.20,
P,0.05, slope =20.46) and leaf area (natives r2 = 0.41, P,0.001,
slope =20.26; exotics r2 = 0.29, P,0.01, slope =20.34) such that
significantly faster ignition times were found in wider (Fig. 2a) and
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PLOS ONE | www.plosone.org 3 November 2013 | Volume 8 | Issue 11 | e79205
broader (Fig. 2b) leaves. Slopes were homogeneous between
natives and exotics for both width (P= 0.38) and area (P= 0.22),
with significant shifts along the slope (width P,0.001; area
P,0.001) and in elevation (width P,0.001; area P,0.001).
Figure 1. Native-exotic boxplot comparisons of (a) leaf flammability as a function of both plant status (native, exotic) and leaf
condition (fresh= closed squares, dry=open squares) and (b) leaf width, (c) leaf area, (d) leaf length, (e) specific leaf area and (f) %
water content of leaves.
doi:10.1371/journal.pone.0079205.g001
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Exotics were shifted towards the larger and more flammable end
of the spectrum compared with natives; exotics were also slower to
ignite than natives for a given leaf width or area. Fresh-leaf
flammability was significantly correlated with leaf length in natives
(r2 = 0.23, P,0.001, slope =20.55) but not in exotics (r2 = 0.13,
P= 0.07) and SLA in natives (r2 = 0.17, P,0.01, slope =20.88)
but not in exotics (r2 = 0.01, P= 0.58). Leaf thickness (natives
r2 = 0.03, P= 0.25; exotics r2 = 0.13, P= 0.07) and % water content
(natives r2 = 0.01, P= 0.49; exotics r2 = 0.10, P= 0.11) were not
significantly correlated with fresh-leaf flammability.
Dry-leaf flammability was significantly correlated with leaf
width (natives r2 = 0.54, P,0.001, slope =20.54; exotics r2 = 0.18,
P,0.05, slope =20.81), leaf area (natives r2 = 0.57, P,0.001,
slope =20.37; exotics r2 = 0.31, P,0.01, slope =20.59), leaf
length (natives r2 = 0.34, P,0.001, slope =20.77; exotics
r2 = 0.25, P,0.01, slope =21.05) and SLA (natives r2 = 0.13,
P,0.01, slope =21.25; exotics r2 = 0.50, P,0.001, slope =20.99)
such that significantly faster ignition times were found in wider
(Fig. 3a), broader (Fig. 3b) and longer (Fig. 3c) leaves with higher
ratios of area to dry weight (Fig. 3d). Slopes were homogeneous
between natives and exotics for width (P= 0.05), length (P= 0.14)
and SLA (P= 0.23), but not for area (P= 0.02), with significant
shifts along the slope for width (P,0.001), length (P,0.001) and
SLA (P,0.001); exotics were shifted towards the larger, higher-
SLA and more flammable end of the spectrum compared with
natives. There was a significant shift in elevation for length
(P,0.01), but not for width (P= 0.18) or SLA (P= 0.84), with dry
exotic leaves faster to ignite than dry native leaves for a given leaf
length. The % water content of leaves was significantly correlated
with dry-leaf flammability in exotics (r2 = 0.51, P,0.001,
slope =20.84), but not in natives (r2 = 0.03, P= 0.21), such that
exotic leaves with higher water content prior to drying showed
faster ignition times when dry. Leaf thickness was not significantly
correlated with dry-leaf flammability (natives r2 = 0.01, P= 0.46;
exotics r2 = 0.04, P= 0.34).
Discussion
We found important differences in leaf flammability between
native and exotic plant species inhabiting dry sclerophyll forest.
When fresh, leaves of natives and exotics did not differ in mean
time to ignition. When dry, however, mean time to ignition was
significantly faster for exotics than for natives. Since we found that
mean % water content of fresh leaves was significantly higher in
exotics than in natives, our results indicate that higher % water
content of leaves provides an important buffering effect in exotics,
leading to equivalent mean time to ignition in fresh exotic and
native leaves. The higher % water content in fresh exotic leaves
lengthens their time to ignition because enough heat needs to be
absorbed before there is sufficient energy input to vaporise leaf
water.
The significantly lower % water content of native leaves
compared with exotic leaves, paired with equivalent times to
ignition in fresh leaves of natives and exotics, means that there
must be other leaf properties that prolong ignition times in native
leaves. One possible explanation is that native leaves possess
thicker and therefore less permeable cuticles than exotic leaves
(noting that overall, mean leaf thickness did not differ between
native and exotic leaves). Leaves with less permeable cuticles
would lose their water content less easily, take longer to vaporise
any leaf oils and subsequently take longer to ignite. There is some
evidence that native Australian plant species possess leaves with
particularly thick cuticles [48]. Future work comparing cuticle
thickness between native and exotic leaves could shed light on the
role of leaf permeability in leaf flammability. Furthermore, if a
thick cuticle was combined with small leaf size, this combination of
leaf properties would lead to even slower rates of water loss from
the leaf when exposed to heat. Below, we discuss the role of leaf
size as a potential explanation for faster ignition times in large
leaves.
Why might mean time to ignition in dry exotic leaves be faster
than in dry native leaves? Our results indicate that comparatively
larger leaf size observed in exotics plays an important role. We
found strong evidence for a relationship between increased leaf
flammability and large leaf size in both natives and exotics when
fresh and dry. Furthermore, there were shifts along the common
slopes of these relationships with exotics occupying the larger more
flammable end of the spectrum. We suggest that the link between
large leaf size and short time to ignition is due to large leaves
having thicker boundary layers [49] and therefore higher average
temperatures than small leaves [50]. This makes it harder for a
large leaf to lose heat, and hence the larger and hotter the leaf, the
easier it ignites. Furthermore, with larger leaves being at a higher
temperature than smaller leaves to start with, the bound oils inside
leaves will ignite more quickly; and with more of the oils vaporized
to the air, ignition becomes even easier. A question for future
exploration is whether the absolute amount of ignitable leaf oils is
higher in large leaves, perhaps creating the tendency towards
ignition sooner. Interestingly, our findings would also seem to
Figure 2. Scaling relationships between fresh-leaf flammability
and (a) leaf width and (b) leaf area. Native species are represented
by open circles and dashed lines and exotic species by closed circles
and solid lines.
doi:10.1371/journal.pone.0079205.g002
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indicate that differences in leaf flammability were probably not
related to size issues linked to larger leaf mass. This is because the
relationships observed between SLA and dry-leaf flammability
demonstrate that per unit dry-leaf weight, leaves with larger area
were more flammable.
Our findings suggest the possibility of increased fire risk in areas
of native vegetation invaded by exotic plant species where exotics
are shedding large quantities of dry leaves into the leaf-litter layer.
Because we found that dry leaves of exotic species had significantly
faster ignition times than dry leaves of native species, exotic species
have an intrinsic fuel property (i.e. higher flammability of leaves),
which can enhance the spread of fire, that differs from native
species. This is of concern because tracts of native vegetation
throughout the world are now experiencing situations where
native plant species are being displaced by exotic species. Areas
that were once dominated by a coexisting suite of native species
now either form a matrix of natives and exotics (e.g. [51]) or are
replaced with exotic monocultures (e.g. [52]). Indeed, there is
substantial evidence that the dry sclerophyll forest that is the focus
of this study has experienced and continues to undergo such exotic
plant incursions [53,54].
What this suggests for bushfire spread based on our findings is
that shifts in leaf-litter dynamics brought about by the accumu-
lation of dry exotic leaves in the leaf litter might lead to increased
bushfire intensity and frequency [11–13,55]. It is not surprising to
expect such shifts in bushfire dynamics as it is well known that
variation in species composition among plant assemblages
provides an indication of fire regimes [55–58]. Since dry exotic
leaves are more flammable than native leaves, even small additions
of the drier exotic leaves are likely to constitute a risk for increased
bushfire spread. Worryingly, there is accumulating evidence that
exotic plant species can contribute substantial amounts of leaf-fall
to the leaf-litter layer [59].
What is needed now for dry sclerophyll forest areas in which
there is a matrix of native and exotic species is a thorough
quantification of the relative input of exotic to native leaves into
the leaf litter. From a management perspective, such information
can potentially be tied to quantification of leaf flammability as in
the present study to obtain estimates of increased likelihood of
bushfire spread as a result of the incursion of exotic plant species.
Furthermore, such an approach would permit a broader ecological
understanding of the scaling of plant traits to fire behaviour. This
is particularly important in areas with high litter accumulation and
low decomposition rates, as the composition and volume of the leaf
litter is critically important for fire transmission [60].
Figure 3. Scaling relationships between fresh-leaf flammability and (a) leaf width, (b) leaf area, (c) leaf length and (d) specific leaf
area. Native species are represented by open circles and dashed lines and exotic species by closed triangles and solid lines.
doi:10.1371/journal.pone.0079205.g003
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Supporting Information
Appendix S1 Leaf trait data for the study species of
Murray, Hardstaff & Phillips ‘‘Are there differences in
leaf flammability, leaf traits and flammability-trait
relationships between native and exotic plants of dry
sclerophyll forest?’’. Status refers to the native (N) or exotic (E)
status of the species in Australia, fresh-leaf flammability was
measured as time to ignition and SLA refers to specific leaf area.
(DOCX)
Acknowledgements
We thank Malcolm Gill, Vojteˇch Jarosˇı´k, Andy Leigh, Lars Lindstrom,
Petr Pysˇek and Mark van Kleunen.
Author Contributions
Conceived and designed the experiments: BRM LKH. Performed the
experiments: LKH. Analyzed the data: BRM MLP. Wrote the paper:
BRM LKH MLP.
References
1. Bond WJ, van Wilgen BW (1996) Fire and plants. London: Chapman & Hall.
263 p.
2. Pausas JG, Keeley JE (2009) A burning story: the role of fire in the history of life.
BioScience 59: 593–601.
3. Keeley JE, Pausas JG, Rundel PW, Bond WJ, Bradstock RA (2011) Fire as an
evolutionary pressure shaping plant traits. Trends Plant Sci 16: 406–411.
4. Williams AAJ, Karoly DJ, Tapper N (2001) The sensitivity of Australian fire
danger to climate change. Climatic Change 49: 171–191.
5. Moriondo M, Good P, Durao R, Bindi M, Giannakopoulos C, et al. (2006)
Potential impact of climate change on fire risk in the Mediterranean area. Clim
Res 31: 85–95.
6. Whelan RJ (1995) The ecology of fire. Cambridge: Cambridge University Press.
346 p.
7. Bradstock RA, Williams JE, Gill AM (2002) Flammable Australia: The fire
regimes and biodiversity of a continent. Cambridge: Cambridge University
Press. 462 p.
8. Dragovich D, Morris R (2002) Fire intensity, slopewash and bio-transfer of
sediment in Eucalypt forest, Australia. Earth Surf Proc Land 27: 1309–1319.
9. Snowdon P, Ryan P, Raison J (2005) Review of C:N ratios in vegetation, litter
and soil under Australian native forests and plantations. Canberra: Department
of the Environment and Heritage, Australian Greenhouse Office. 60 p.
10. Brennan KEC, Christie FJ, York A (2009) Global climate change and litter
decomposition: more frequent fire slows decomposition and increases the
functional importance of invertebrates. Glob Change Biol 15: 2958–2971.
11. D‘Antonio CM, Vitousek PM (1992) Biological invasions by exotic grasses, the
grass/fire cycle, and global change. Annu Rev Ecol Syst 23: 63–87.
12. Brooks ML, D‘Antonio CM, Richardson DM, Grace JB, Keeley JE, et al. (2004)
Effects of invasive alien plants on fire regimes. BioScience 54: 677–88.
13. Rossiter-Rachor NA, Setterfield SA, Douglas MM, Hutley LB, Cook GD (2008)
Andropogon gayanus (Gamba Grass) invasion increases fire-mediated nitrogen losses
in the tropical savannas of Northern Australia. Ecosystems 11: 77–88.
14. Berry ZC, Wevill K, Curran TJ (2011) The invasive weed Lantana camara
increases fire risk in dry rainforest by altering fuel beds. Weed Res 51, 525–533.
15. Dimitrakopoulos A (2001) A statistical classification of Mediterranean species
based on their flammability components. Int J Wildland Fire 10, 113–118.
16. Behm A, Duryea M, Long A, Zipperer W (2004) Flammability of native
understory species in pine flatwood and hardwood hammock ecosystems and
implications for the wildland-urban interface. Int J Wildland Fire 13: 355–365.
17. Ramsay C, Rudolph L (2003) Landscaping and building design for bushfire
areas. Collingwood: CSIRO Publishing. 112 p.
18. Pickett BM, Isackson C, Wunder R, Fletcher TH, Butler BW, et al. (2009) Flame
interactions and burning characteristics of two live leaf samples. Int J Wildland
Fire 18: 865–874.
19. Gill AM, Moore PHR (1996) Ignitability of leaves of Australian plants.
Canberra: CSIRO Plant Industry. 34 p.
20. Etlinger MG, Beall FC (2004) Development of a laboratory protocol for fire
performance of landscape plants. Int J Wildland Fire 13: 479–488.
21. Schwilk DW, Caprio AC (2011) Scaling from leaf traits to fire behaviour:
community composition predicts fire severity in a temperate forest. J Ecol 99:
970–980.
22. Alessio GA, Pen˜uelas J, Llusia` J, Ogaya R, Estiarte M, et al. (2008) Influence of
water and terpenes on flammability in some dominant Mediterranean species.
Int J Wildland Fire 17: 274–286.
23. De Lillis M, Bianco PM, Loreto F (2009) The influence of leaf water content and
isoprenoids on flammability of some Mediterranean woody species. Int J Wildland
Fire 18: 203–212.
24. Pausas JG, Alessio GA, Moreira B, Corcobado G (2012) Fires enhance
flammability in Ulex parviflorus. New Phytol 193: 18–23.
25. Scarff FR, Westoby M (2006) Leaf litter flammability in some semi-arid
Australian woodlands. Funct Ecol 20: 745–752.
26. Magalha˜es RMQD, Schwilk DW (2012) Leaf traits and litter flammability:
evidence for non-additive mixture effects in a temperate forest. J Ecol 100: 1153–
1163.
27. Dickinson KJM, Kirkpatrick JB (1985) The flammability and energy content of
some important plant species and fuel components in the forests of southeastern
Tasmania. J Biogeogr 12: 121–134.
28. Morrison DA, Cary GJ, Pengelly SM, Ross DG, Mullins BJ, et al. (1995) Effects
of fire frequency on plant species composition of sandstone communities in the
Sydney region: Inter-fire interval and time-since-fire. Aust J Ecol 20: 239–247.
29. Penman TD, Kavanagh RP, Binns DL, Melick DR (2007) Patchiness of
prescribed burns in dry sclerophyll eucalypt forests in south-eastern Australia.
Forest Ecol Manag 252: 24–32.
30. Warton DI, Wright IJ, Falster DS, Westoby M (2006) Bivariate line-fitting
methods for allometry. Biol Rev 81: 259–291.
31. Keith D (2004) Ocean shores to desert dunes: The native vegetation of New
South Wales and the ACT. Hurstville: Department of Environment and
Conservation. 356 p.
32. Fairley A, Moore P (1989) Native plants of the Sydney district: An identification
guide. Kenthurst: Kangaroo Press. 432 p.
33. Benson D, Howell J (1994) The natural vegetation of the Sydney 1: 100 000 map
sheet. Cunninghamia 3: 677–787.
34. Robinson L (2003) Field guide to the native plants of Sydney. 3rd Edition.
Pymble: Kangaroo Press. 448 p.
35. Harden GJ (1990–1993). Flora of New South Wales. Sydney: New South Wales
University Press. 2860 p.
36. Hardstaff LK (2010) Relationships between leaf flammability and leaf traits in
native and exotic species of dry sclerophyll forest. Sydney: University of
Technology Sydney Research Thesis.
37. Karlic H, Richter H (1979) Storage of detached leaves and twigs without
changes in water potential. New Phytol 83: 379–384.
38. Cornelissen JHC, Lavorel S, Garnier E, Diaz S, Buchman N, et al. (2003) A
handbook of protocols for standardized and easy measurement of plant
functional traits worldwide. Aust J Bot 51: 335–380.
39. Quinn GP, Keough MJ (2002) Experimental design and data analysis for
biologists. Cambridge: Cambridge University Press. 537 p.
40. Warton DI, Hui FKC (2011) The arcsine is asinine: the analysis of proportions
in ecology. Ecology 92: 3–10.
41. Webb CO, Donoghue MJ (2005) Phylomatic: tree assembly for applied
phylogenetics. Mol Ecol Notes 5: 181–183.
42. Stevens PF (2001 onwards) Angiosperm Phylogeny Website. Version 12, July
2012 [and more or less continuously updated since]. Available: www.mobot.org/
MOBOT/research/APweb.
43. Wikstro¨m N, Savolainen V, Chase MW (2001) Evolution of the angiosperms:
calibrating the family tree. P Roy Soc Lond B Bio 268: 2211–2220.
44. Webb CO, Ackerly DD, Kembel SW (2008) Phylocom: software for the analysis
of phylogenetic community structure and trait evolution. Bioinformatics 24:
2098–2100.
45. Paradis E, Claude J, Strimmer K (2004) APE: Analyses of phylogenetics and
evolution in R language. Bioinformatics 20: 289–290.
46. Paradis E (2012) Analysis of phylogenetics and evolution with R. 2nd Edition.
New York: Springer. 211 p.
47. Warton DI, Duursma RA, Falster DS, Taskinen S (2012) smatr 3: an R package
for estimation and inference about allometric lines. Methods Ecol Evol 3: 257–
259.
48. Jordan GJ, Dillon RA, Weston PH (1998) Solar radiation as a factor in the
evolution of scleromorphic leaf anatomy in Proteaceae. Am J Bot 92: 789–796.
49. Nobel PS (2005) Physicochemical and environmental plant physiology. San
Diego: Elsevier Academic Press. 600 p.
50. Leigh A, Sevanto S, Ball M, Close JD, Ellsworth DS, et al. (2012) Do thick leaves
avoid thermal damage in critically low wind speeds? New Phytol 194: 477–487.
51. Wiser SK, Buxton RP (2008) Context matters: matrix vegetation influences
native and exotic species composition on habitat islands. Ecology 89: 380–391.
52. Murray BR, Baker AC, Robson TC (2009) Impacts of the replacement of native
woodland with exotic pine plantations on leaf-litter invertebrate assemblages: a
test of a novel framework. Int J Ecol 2009: 1–6.
53. Clements A (1983) Suburban development and resultant changes in the
vegetation of the bushland of the northern Sydney region. Aust J Ecol 8: 307–
319.
54. King SA, Buckney RT (2000) Urbanization and exotic plants in northern
Sydney streams. Aust Ecol 25: 455–461.
55. Odion D, Moritz M, DellaSala D (2010) Alternative community states
maintained by fire in the Klamath Mountains, USA. J Ecol 98: 96–105.
56. Kellman M (1984) Synergistic relationships between fire and low soil fertility in
neotropical savannas: a hypothesis. Biotropica 16: 158–160.
Native-Exotic Differences in Leaf Flammability
PLOS ONE | www.plosone.org 7 November 2013 | Volume 8 | Issue 11 | e79205
57. Beaty RM, Taylor AH (2007) Fire disturbance and forest structure in old-growth
mixed conifer forests in the northern Sierra Nevada, California. J Veg Sci 18,
879–890.
58. Bekker MF, Taylor AH (2001) Gradient analysis of fire regimes in montane
forests of the southern Cascade Range, Thousand Lakes Wilderness, California
USA. Plant Ecol 155: 15–28.
59. Baker AC, Murray BR (2012) Seasonal intrusion of litterfall from non-native
pine plantations into surrounding native woodland: implications for manage-
ment of an invasive plantation species. Forest Ecol Manag 277: 25–37.
60. Bradstock RA, Cohn JS (2002) Fire regimes and biodiversity in semi-arid mallee
ecosystems. In: Bradstock RA, Williams JE, Gill AM, editors. Flammable
Australia: the fire regimes and biodiversity of a continent. Cambridge:
Cambridge University Press. 238–258.
Native-Exotic Differences in Leaf Flammability
PLOS ONE | www.plosone.org 8 November 2013 | Volume 8 | Issue 11 | e79205
